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A section through the three-dimensional Fermi surface of Ni has been mapped perpendicular to the
[110] direction using angle-scanned photoemission. Regions of minority and majority spin bands, well
separated in k space, can clearly be identified through comparison with a band structure calculation. The
behavior of the different bands is observed for temperatures below and above the Curie temperature TC .
We find bands which move and bands which stay in place for going from T , TC to T . TC .Despite a large amount of experimental data on the
electronic and magnetic structure of nickel, conflicting
conclusions persist about the behavior of the exchange
splitting DEex as a function of temperature [1–5]:
While some experiments point to a largely temperature-
independent exchange splitting in going across the Curie
temperature (TC ­ 631 K) others give evidence for
changes of the Fermi surface (FS) in traversing TC .
Insight into this question has also been gained from
photoemission and inverse photoemission experiments
[6–12], and again conflicting views were obtained with
respect to the temperature dependence of DEex. Recent
experiments found that spin-split bands merged with
temperature at some k locations while their splitting
remained temperature independent at others [10]. Inverse
photoemission studies [12] reported on collapsing spin-
split bands upon approaching TC even for the magnetic
Z2 band, and the experimentally determined exchange
splitting followed the rescaled bulk magnetization curve.
Considering these results showing both temperature-
independent or collapsing exchange splittings, and thus in-
dicating at the same time the persistence of local moments
and a Stoner-type behavior, it is important to obtain a more
systematic view of the temperature behavior of DEex in
k space, and, in particular, of the magnetic bands cross-
ing the Fermi level sEFd. We therefore present a high-
resolution temperature-dependent mapping of a complete
section through the FS of Ni, as viewed through the (110)
surface, in which several magnetic bands are observed at
the same time. It is important to note that the present ex-
periment resolves majority and minority bands in k space.
Recently, Santoni et al. [13] used a two-dimensional
display-type analyzer to map the FS of layered graphite
directly by measuring the total photoelectron intensity
within a narrow energy window at EF . High intensities
are recorded at locations of the wave vector component
parallel to the surface skkd where direct transitions dis-
perse through this window, namely, through the FS. In
the present work we use sequential angle-scanning data
acquisition [14], providing a high energy resolution andaccess to a wide range in k space. Recently we demon-
strated the efficiency and accuracy of this method by mea-
suring the two-dimensional FS of a Bi cuprate [15] and
cuts through the three-dimensional FS of Cu [16]. The
obvious advantage of this procedure is that it provides a
very accurate intensity mapping with a selectable uniform
sampling density. In contrast to conventional photoemis-
sion experiments measuring complete energy-distribution
curves (EDC’s), but at fewer locations in the Brillouin
zone (BZ), the present measurement will not miss any di-
rect transitions crossing EF . The experimental procedure
was outlined in Refs. [14–16], and we refer the reader to
this work for details.
In Fig. 1(a) we present the room temperature (RT) kk
mapping of the intensity of He I excited photoelectrons
collected within an energy window of about 30 meV, de-
termined by the instrumental energy resolution, centered
at EF . The outer circle corresponds to a polar angle of
90–, and the center of the image represents normal emis-
sion. Intensities are linearly color coded as indicated in
the color bar. High intensities result at kk locations where
direct transitions move through EF , yielding therefore a
FS of Ni. These locations show up as relatively fine, well
defined lines. Judging from these data, the violation of the
conservation of the wave vector component perpendicular
to the surface sk'd does not appear to be too severe. The
mapping corresponds to a section through the FS perpen-
dicular to the [110] direction as has been demonstrated
in [16] for the example of Cu. Intensities are modulated
along these lines due to matrix element effects.
We distinguish several sets of lines, which we label A,
B, and C in Fig. 1(a), as well as their symmetry-related
counterparts. Since our experiment is not inherently
spin resolved, we have to compare these data to the
result of a spin-polarized FS calculation in order to
determine which lines correspond to the majority FS
(which should be essentially sp-like as the majority d band
is filled) and which to the minority FS. In Fig. 1(c) we
display the result of a calculation using the spin-polarized
layer Korringa-Kohn-Rostoker (LKKR) formalism [17],
Published in Physical Review Letters 96, issue 7, 1150-1153, 1996 2FIG. 1(color). (a) RT sTyTC , 0.48d mapping of the intensity of He I (21.2 eV) excited photoelectrons collected within an energy
window of about 30 meV centered at EF , linear in kk. The outer circle indicates an emission angle of 90–, the center represents
normal emission or kk ­ 0. Intensities are given in a linear color code as indicated in the color bar. (b) Same as (a) but for
TyTC , 1.1. (c) Calculated cut through the bulk FS using the spin-polarized LKKR scheme for the initial state and a free-electron
final state (see text). Majority spins are given in blue and minority spins in red. (d) LKKR calculation as in (c) but unpolarized.
which should be used for any reference to this workstacking (111) layers up to convergence. Calculations
along high symmetry directions agree well with published
band calculations such as [18]. For a given energy and
kk, this code delivers the corresponding eigenvalues k'
of the Bloch functions for majority and minority spins and
hence their constant energy surface. Assuming a one-
beam free electron approximation for the photoelectron
final state in the extended BZ as described in Ref. [16]
a spherical section through the calculated FS is created.
An inner potential of 10.7 eV [19] and a work function
of 4.7 eV were assumed. In order to allow a point to
be plotted in the calculation of Fig. 1(c) a maximum
difference of 0.1 inverse atomic units (a.u.–1) between
the free electron k' and the calculated k' on the FS
is accepted. No attempt has been made to optimize
parameters in the calculation. We find that while majority
(blue) and minority (red) spin bands overlap in some
regions they are well separated in others. Consultinga recent band structure calculation along high-symmetry
directions by Eckardt and Fritsche [20] we can identify
the three locations marked in Fig. 1(c) with the Fermi-
level crossings of the minority d band near the S line
(named S#2) and of the spin-split sp bands between the D
and the S lines (named S"1 and S#1) [21].
Comparing Figs. 1(c) and 1(a) we find an excellent
agreement of intensity lines in the data with the calculated
FS section. Indeed, the agreement is of a quality that it
is justified to use this calculation in order to spin label the
observed lines in the experiment. In this way the majority
and minority bands can be well separated just by their
different locations in k space. Moreover, this agreement
indicates that our experiment is representative for the bulk
magnetism, since surface effects are not included in the
calculations. The feature B can be identified with the
magnetic minority d band, including S#2. The splitting
of the sp band (S"1 and S#1) is also well resolved in the
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3experiment, which is more obvious in Fig. 2(a), providing
a polar section through the data of Fig. 1(a) along the f110g
azimuth.
At this point we have to briefly comment upon the
relation of the data in Fig. 1(a) to a conventional FS
measurement. The photoemission experiment with hy ­
21.2 eV “takes place” in the second BZ. Therefore,
as indicated in Fig. 3 [22], the kk measured in tilting
the electron detection angle away from the normal is
along X0-G020 (and not G000-K) if one tilts towards f110g.
This explains the fact that in Fig. 1(a) one observes with
increasing kk along the f110g direction the ordering S
#
2,
S
"
1, and S
#
1, which is reversed from that in the first
BZ. To make the connection with the ordinary Brillouin
zone obvious we give in Fig. 4 one quadrant of the BZ
in the (001) plane containing the results of a de Haas–
van Alphen (dHvA) experiment (open symbols [23]) and
data obtained from Fig. 1(a) (filled ellipses). The dashed
line follows the locations scanned during the polar scan,
as indicated in Fig. 3. The EF crossings [Fig. 1(a) and
2(a)] are represented by ellipses with dimensions reflecting
approximately the experimental widths of the transitions.
We find three intensity maxima in good coincidence with
crossings of the FS observed by dHvA measurements.
Figure 1(b) shows a FS map analogous to that of
Fig. 1(a) but for a temperature corresponding to a value
of TyTC , 1.1. Noticeable changes occur. The changes
between Figs. 1(a) and 1(b) occur smoothly with tempera-
ture [24]. We find regions where lines are considerably
broader than in Fig. 1(a), while others remain as fine as
before. Measurements performed on Cu for comparison
under the same conditions stay virtually unchanged [24].
Therefore we are assured to observe the influence of
temperature on the magnetism of Ni over an extended
region in k space.
FIG. 2. (a) Polar section through the RT intensity map of
Fig. 1(a) along the f110g azimuth. (b) Same as in (a) but for
TyTC , 1.A very obvious change happens to the feature C in
Fig. 1(a), which is related to the sp band (S"1 and S#1):
The splitting collapses but the line remains rather fine.
This is clearly seen in the section given in Fig. 2(b)
indicating also that phonon effects as described in [25]
for x-ray excitation do not seem to play an important role
here. In this same figure one finds a different behavior for
the d band related feature B (S#2), which becomes much
broader and shows, if at all, a slight shift towards lower
polar angles. The overall amount of diffuse intensity also
increases with temperature. This seems to be related with
the magnetism or at least with the flat bands of Ni since
the measurements on Cu do not show such a behavior
[24]. Furthermore we observe a change of the feature
in the center of Fig. 1(a), which does not disappear upon
heating, but changes its relative weight in Fig. 1(b).
It is not obvious from the calculation in Fig. 1(c) to
assess which is the spin character of bands that move in
the region of feature A since minority bands, with mainly
d character at EF and majority bands with mainly sp
character at EF are degenerate. But we can say that some
bands (A, B) move while others do not sA0d. This is not
consistent with a simple Stoner picture where all bands
are expected to move smoothly. Also, the increase of
diffuse intensity indicates a more complex behavior. This
is further confirmed by the calculation given in Fig. 1(d),
which represents the FS obtained by the unpolarized
LKKR method. Clearly, the agreement with the high-
temperature experiment [Fig. 1(b)] is poor except for the
FIG. 3. View of the (001) plane in reciprocal space, indicating
the Brillouin zone boundaries for Ni in the extended zone
scheme [22]. High-symmetry points and lines are indicated as
well as the [110] surface normal. The circle represents the free-
electron final-state wave vectors for emission from the Fermi
edge at a photon energy of 21.2 eV. The full range of polar
emission angles u is indicated by the curved arrow.
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4FIG. 4. Fermi surface cross sections of Ni in the (001)
plane obtained from de Haas–van Alphen experiments (open
symbols, from Ref. [23]) compared to the data extracted from
Fig. 1(a) (filled ellipses).
sp-like feature C, where the collapse of the splitting as
well as the position is quite well reproduced.
Movements of bands on the FS must also be associated
with changes in band filling. We have probed the
dispersion of the bands near the FS at RT by taking
similar constant energy surfaces for energies slightly
above and below EF in order to address this question (not
shown [24]). In fact, we find a similar coalescence of
features A and B for an intensity map at EF 1 100 meV,
which is far in the tail of the Fermi function. One possible
interpretation of our high-temperature data is thus that we
have moved upward the chemical potential in the minority
band by roughly 100 meV, which is about half way
of typical values for DEex. Naturally, this rigid-band-
like shift should be compensated by an opposite shift of
majority bands in order to maintain a constant electron
number. Again, in a constant energy scan at EF 2
150 meV we find a similar pileup of intensity in the region
between features A and B. Together with the observed
collapse of the splitting in the sp band (feature C), these
phenomena indicate a Stoner-like behavior.
In summary, we have presented a high-resolution pho-
toemission measurement of a complete section through
the FS of Ni providing macroscopically averaged local
information on the electronic and magnetic structure and
agreeing with conventional data. We find that majority
and minority bands can be separated by their different lo-
cations in k space. The measurement for T . TC shows
both bands moving and joining each other and bands re-
maining in place. These experiments provide a system-
atic view on which bands follow a Stoner-type picture
and which show a more complex behavior. A measure-
ment of the temperature dependence of the shape of the
FS of Ni is difficult with conventional techniques, while it
is obviously easy with the technique presented here.
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